Antibodies directed against histone posttranslational modifications (PTMs) are critical tools in epigenetics research, particularly in the widely used chromatin immunoprecipitation (ChIP) experiments. However, a lack of quantitative methods for characterizing such antibodies has been a major bottleneck in accurate and reproducible analysis of histone modifications. Here, we report a simple and sensitive method for quantitatively characterizing polyclonal and monoclonal antibodies for histone PTMs in a ChIP-like format. Importantly, it determines the apparent dissociation constants for the interactions of an antibody with peptides harboring cognate or off-target PTMs. Analyses of commercial antibodies revealed large ranges of affinity, specificity and binding capacity as well as substantial lot-to-lot variations, suggesting the importance of quantitatively characterizing each antibody intended to be used in ChIP experiments and optimizing experimental conditions accordingly. Furthermore, using this method, we identified additional factors potentially affecting the interpretation of ChIP experiments.
Antibodies to histone PTMs are critical tools for epigenetics research, particularly for the widely used chromatin immunoprecipitation (ChIP) technique. In ChIP experiments, nucleosomes in solution are captured with an antibody immobilized on solid support (Fig. 1a) . "ChIP-grade" antibodies for histone PTMs should reliably capture their cognate antigen with high specificity and high efficiency. Thus, considerable efforts have been made to validate anti-histone PTM antibodies. Recent studies have revealed substantial variability in the level of specificity of commercial antibodies sold as ChIP grade. 3 A number of methods, from Western blotting and enzyme-linked immunosorbent assay to peptide arrays, have been reported for validating antihistone antibodies. Typically, specificity of an antibody to its cognate histone is tested using Western blotting against nuclear extracts or cell lysates. Specificity toward a particular histone PTM is then tested using a panel of peptides carrying histone PTMs using enzyme-linked immunosorbent assay or peptide arrays. Generally, peptides carrying histone PTMs are immobilized on solid support and the binding of an antibody to hundreds of peptides can be examined simultaneously (Fig. 1c) . 4, 5 These methods exploit the fact that many histone PTMs occur in the flexible tails, and thus, synthetic peptides are excellent surrogate antigens. Generally, an antibody is considered specific if it exhibits substantially stronger binding to the peptide representing the cognate PTM over other peptides representing "off-targets".
A major limitation of these assays is that they do not test factors that are most relevant to successful ChIP experiments, that is, how efficiently and specifically an antibody immunoprecipitates its cognate antigen. Western blotting and peptide arrays test the binding of an antibody in solution to peptides immobilized on solid support. This format is opposite to that of immunoprecipitation (IP), where an antibody immobilized on solid support captures antigens in solution. Therefore, it is not clear how well the common evaluation methods predict the performance of an antibody in ChIP experiment. Indeed, Egelhofer et al. reported perplexing results that more than 20% of antibodies that have been validated to be specific in peptide blots still fail in ChIP experiments, illustrating that the current validation methods overlook an important parameter that defines antibody performance in ChIP experiments. 6 Recently, Peach et al. reported a method that characterizes antibodies in IP format. 7 In this method, chromatin samples are immunoprecipitated with an antibody of interest and enrichment of different PTMs is quantified using mass spectrometry (referred to as IP-MS hereafter). Thus, it tests antibodies in a relevant assay format and provides results that can be directly compared with enrichment obtained from ChIP experiments. However, it requires extensive sample preparation and manipulation and access to a high-end mass spectrometer and data analysis expertise.
Another limitation of the current assays is that their results are highly sensitive to experimental conditions. For example, the amount and density of immobilized peptides and the concentration of antibody used can substantially influence results from peptide arrays. Likewise, it is well known that one needs to optimize sample amounts and antibody concentrations to obtain "good" Western blotting data. The enrichment information from the IP-MS method is also influenced by the amounts of different modifications that are present in the starting material. As a consequence, it is difficult to compare validation results performed by different methods and/or at different locations because it is difficult to describe the performance of antibodies in these assays in numerical terms that are not highly sensitive to experimental conditions. The dissociation constant (K d ) is a fundamental parameter that defines antibody affinity, and antibody specificity can be quantitatively evaluated using K d values for different antigens. However, standard biophysical methods for K d determination are sample intensive and often require accurate knowledge of the effective antibody concentration, both of which are difficult to attain with current antihistone PTM antibodies that are mostly polyclonal antibodies in limited quantities.
Results and Discussion

Assay design
We set out to establish an assay that addresses the two major issues associated with the current assays for anti-histone antibody characterization, that is, testing antibodies in a format relevant to ChIP and obtaining truly quantitative parameters that are insensitive to experimental variations without consuming large amounts of antibody samples. Our "peptide IP" assay mimics the IP step of ChIP experiments ( Fig. 1a and b ). An antibody of interest is first immobilized on protein A-or protein G-coated polystyrene beads, as how an antibody is captured in ChIP experiments. A peptide containing a histone PTM and also a biotin moiety in solution is then captured with the beads. After a washing step to eliminate the unbound peptide, we quantify the captured peptide via the attached biotin moiety with fluorescently labeled streptavidin using flow cytometry (Fig. 1b) . The fluorescence intensity observed for each bead is proportional to the amount of a biotinylated peptide captured by the immobilized antibody on the bead. By performing the experiment as a function of the peptide concentration, one can obtain a saturation curve from which the apparent K d value is determined (Figs. 1d-f and 2). Our method is similar to that successfully used for protein-protein interactions 8 and to yeast surface display where yeast cells serve as beads. 9 The K d values determined in these bead-based methods were found to be close to those determined with standard biophysical methods. 9 Importantly, our method, in the current implementation, consumes only 25 ng of an antibody for each data point. Because we observed excellent signal-to-noise ratios in the flow cytometry data, it is likely that the antibody consumption can be further reduced. Furthermore, it does not require the knowledge of the concentration Large differences in affinity and binding capacity among anti-histone PTM antibodies
Using our new assay, we first characterized three different types of antibodies, a purified polyclonal antibody, an unpurified antiserum and a purified monoclonal antibody (Fig. 1d-f) . The antibody concentration in the antiserum was not available. We normalized the amounts of different antibodies in these experiments by saturating the beads with the antibodies and then measuring the same number of beads.
Using these antibody-coated beads, we measured binding of their respective cognate peptides. For two of the three antibodies, we obtained titration curves displaying saturation behavior ( Fig. 1d and e ; also see Fig. 2a and e). Interestingly, they had dramatically different titration curves. AM39159, the antiserum, reached saturation with low nanomolar concentration of its cognate peptide with an apparent K d value of 0.21 nM (Figs. 1d and 2a) . In contrast, Ab8898, the polyclonal antibody, did not reach complete saturation even with micromolar concentrations of its cognate peptide, yielding an apparent K d value of~2 μM, that is,~10,000 times higher than that for AM39159 (Fig. 1e) . These results indicate dramatically different affinity among commercial ChIP-grade antibodies.
The monoclonal antibody, 05-1242, showed no detectable binding, although we tested two different samples for the antibody and we also performed the assays using protein A beads and protein G beads. We were not able to determine whether there was no active antibody in these samples of 05-1242 or if the affinity of the active antibody in these samples was too low to be detected by our method. The datasheet accompanying this antibody ‡ shows that it binds to a peptide corresponding to trimethylated Lys of histone H3 (K9me3), eliminating the possibility that a short peptide is an inappropriate antigen for this antibody. Regardless of the underlying cause, it is clear that the 05-1242 antibody is not suitable for ChIP experiment because it captured no detectable amounts of the cognate peptide.
The fluorescence intensities observed at high peptide concentrations were significantly different between AM39159 and Ab8898 ( Fig. 1d and e) . Because the peptides were essentially fully biotinylated and the experiments were performed with fully saturated beads using the same instrument settings, the fluorescence intensity is proportional to the amount of the peptides captured by the antibodies. Thus, the large difference in the fluorescence intensity, at least 6-fold, observed between the two antibodies suggests a large difference in the "binding capacity" of these antibody samples. The binding capacity is an important parameter for ChIP antibodies because, ideally, an antibody should capture all chromatins harboring a histone PTM of interest in a ChIP experiment. Both antibodies are rabbit polyclonal, and thus, they are likely to be in the IgG format having two antigen binding sites per molecule. Consequently, the large difference in the binding capacity is probably due to lower effective concentration of an active antibody rather than to differences in antibody format. This interpretation is reasonable because AM39159 is an antiserum containing additional antibodies that are incapable of binding to the cognate antigen but still compete for protein A on the beads, reducing the concentration of active antibodies.
Differences in the dissociation rate of a bound peptide during washing steps can result in differences in the amount of the retained peptide. The use of streptavidin should quench the dissociation of a bound peptide because streptavidin is tetrameric and it can greatly increase the effective affinity by forming multivalent interactions between the immobilized antibody and the biotinylated peptide. Usually, there is a strong correlation between the dissociation rate and affinity of antibodies, that is, a high-affinity antibody usually exhibits a slow dissociation rate. However, the observed difference is contrary to this general trend, suggesting that the underlying kinetics is unlikely to be a dominant cause of the observed difference. Together, these results show that our assay can quantify both affinity and binding capacity of an antibody sample.
Quantitative characterization of antibody specificity
We then quantitatively characterized binding specificity of three commercial ChIP-grade rabbit polyclonal antibodies for methylated lysines using a series of peptides corresponding to different methylation states and different Lys sites ( Fig. 2 ; Supplementary Table 1 ). The anti-H3K4me3 antibody bound to its cognate target with a K d of 0.21 nM, and its K d values to other histone marks were estimated to be N200-fold higher, indicating excellent affinity and specificity (Fig. 2a) . In contrast, the affinity of the other antibodies tested was much weaker and they also showed substantial binding to off-target antigens (Fig. 2b, d and e) . We detected binding of a peptide representing H4K20me1 to the beads in the absence of an immobilized antibody at a level similar to the binding of the cognate peptide to the anti-H3K4me1 antibody (Fig. 2c) , and thus, we excluded this peptide from subsequent analysis. No other peptides showed significant binding to the beads (Fig. 2c and f) . The anti-H3K4me1 antibody showed significant cross-reactivity to another Lys (H3K9me1) and also to different methylation states (H3K4 without methylation). Two separate lots of the anti-H3K9me3 antibody had similarly low affinity, with micromolar K d values, for their cognate target, and their K d values to other methylated peptides were only 2-to 4-fold higher, indicating both low affinity and low specificity ( Fig. 2d and e) 
Comparison with peptide arrays
We compared results from the peptide IP assay with those from peptide arrays. In the peptide array assay, antibody binding to immobilized peptides is detected using a fluorescently labeled secondary antibody (Fig. 1c) . Interestingly, when evaluated with peptide arrays, the anti-H3K4me3 antibody appeared substantially more cross-reactive than in peptide IP (Fig. 2a) . This disparity is probably because the effective peptide concentrations in the peptide array were high so that this antibody, with its extremely high affinity, bound strongly even to offtarget PTMs. In contrast, the anti-H3K4me1 antibody appeared highly specific in the peptide array, although its specificity was among the worst that we tested using the peptide IP assay. The apparent discrimination of H3K4me1 from the other methylation states at the same site by this antibody is rather puzzling because it showed similarly weak affinity to these PTMs in the peptide IP assay (Fig. 2b, center panel) . We speculate that the very low affinity of this antibody made only its binding to its cognate target detectable in the peptide array and hence exaggerated the small difference in affinity between the cognate and off-target peptides. Among the three antibodies tested, only the H3K9me3 antibodies showed similar rank orders of specificity in both assays. These results suggest the importance of systematically examining conditions for peptide arrays to compensate for differences in antibody affinity.
Effects of antibody and PTM concentrations on IP efficiency
To determine how the concentrations of histone PTMs and antibodies affect the peptide IP performance, we performed "competitive IP" experiments. Here, we determined the relative amounts of two PTMs, H3K4me3 and H3K4me2, captured by the anti-H3K4me3 antibody from 1:1 mixtures. This experiment was enabled by the use of monovalent streptavidin. 10 The selectivity declined as the peptide concentration was decreased (Fig. 3a-c , right panels), primarily because the amount of the cognate PTM captured by the antibody declined (Fig. 3a-c, left panels) . The selectivity was not highly sensitive to antibody concentration, and it slightly improved as the antibody concentration was reduced. These results illustrate the challenge of performing highly selective IP even with an antibody that exhibits very high affinity and high specificity. It should be noted that the K d value of the antibody to H3K4me3 (0.2 nM) was much lower than the peptide concentrations where the selectivity started to decline (~20 nM) (Fig. 3a-c) . These results suggest that, as typical ChIP protocols call for a histone concentration of 200-400 nM, 11 an antibody with a micromolar K d is not likely to achieve high levels of selectivity in actual ChIP experiments (see the next section for additional consideration).
Effects of PTM valency on IP efficiency
A mononucleosome has two copies of each core histone and thus contains zero, one or two identical PTM marks. The standard antibody molecule in the form of IgG possesses two antigen binding sites. Consequently, the number of a PTM within a nucleosome could affect the IP efficiency. To mimic a nucleosome containing one or two identical copies of the modification, respectively, we prepared complexes of streptavidin with one or two copies of the H3K9me3 peptide attached. The affinity of the anti-H3K9me3 antibody to the divalent target was~7 times higher than to the monovalent target (Fig. 3d) , suggesting strong bias in IP efficiency toward the divalent PTM. The specificity profile of this antibody was not substantially affected by the peptide valency (Fig. 3d) . This affinity enhancement by a divalent PTM should improve the efficiency of an antibody with low affinity.
Due to technical limitations, we examined only the effect of the valency of an identical PTM. However, our results suggest that, when an antibody has substantial affinity to an off-target PTM, the presence of the cognate PTM and the off-target PTM in the same chromatin should increase the IP efficiency over a chromatin that contains a single instance of the cognate PTM. Again, the knowledge of the K d values to the cognate and off-targets will help estimate the levels of cross-reactivity.
Conclusions
Our peptide IP assay is powerful in that it enables the determination of apparent K d and binding capacity using small amounts of antibody samples. Our data revealed a large range of affinity, specificity and binding capacity among commercial ChIP-grade antibodies. More than 20% of anti-histone PTM antibodies validated with dot blot still failed in ChIP experiments. 6 Because affinity is the primary factor that defines the efficiency of IP, the failures of highspecificity antibodies in ChIP may be well attributed to their low antibody affinity. The large variation of binding capacity among tested samples was rather surprising, and it points to another reason for ChIP failure. Our peptide IP assay complements peptide arrays toward the comprehensive characterization of anti-histone PTM antibodies. Peptide arrays could be first employed to quickly identify off-targets, and then peptide IP would yield K d values for the cognate and off-targets, which will in turn help validate/reject antibodies and optimize ChIP conditions. As lowcost flow cytometers are being introduced to the market, we expect the peptide IP assay to become an easily accessible method for ChIP antibody characterization. More broadly, our assay is applicable to characterizing many other types of antibody-antigen interactions where a biotinylated antigen can be readily prepared.
Materials and Methods
Peptides and antibodies
Histone peptides were purchased from Abgent and Genemed Synthesis. They were biotinylated by incubating 1 mM histone peptides with 3 mM EZ-Link Maleimide-PEG2-Biotin (Thermo Scientific) in phosphate-buffered saline (PBS) [9.57 mM phosphate, 137 mM NaCl and 2.68 mM KCl (pH 7.4)] for 1 h on ice. The resulting biotinylated peptides were purified using a RESOURCE S column (GE Healthcare). After purification, biotinylation and peptide identity were confirmed by mass spectrometry using Voyager De-Pro MALDI-TOF (AB Sciex). Peptide concentrations were determined by measuring absorbance at 280 nm using a molar extinction coefficient of The bead concentration was set in such a way that it gave a sufficient bead concentration for efficient flow cytometry analysis and also it was sufficiently low to minimize ligand depletion. For the anti-H3K4me3 antibody, which exhibited very high affinity to the cognate histone peptide, the volume of the mixture was increased so that the peptide was in large excess over the antibody and that the antibody concentration was much lower than the K d value in order to minimize ligand depletion. No significant differences were observed when longer incubation periods were used. Then, the beads were washed with 300 μl of PBST/BSA 3 times using a 96-well filter plate (MultiScreenHTS HV, 0.45 μm pore size; Millipore). Then, 20 μl of 10μg/ml streptavidin-DyLight650 (Thermo Scientific) in PBST/BSA was added to the beads. After incubation at 4°C for 30 min, the beads were washed with 300 μl of PBST/BSA 3 times using the filter plate using a vacuum manifold (Millipore). The beads were suspended in 300 μl PBST/BSA and analyzed using a Guava easyCyte 6/L flow cytometer (Millipore). Signals were gated based on the bead size using forward scatter and side scatter intensities so as to reject data from anomalously large beads (b10% of the total particles). The K d values for their cognate targets were determined from plots of the mean fluorescence intensity (MFI) for 500 beads versus peptide concentration by nonlinear least-squares fitting in the Igor program (WaveMetrics) with the equation:
where MFI(x) is the MFI observed at the peptide concentration x, MFI 0 is the MFI in the absence of a peptide and ΔMFI is the difference in the MFI in the absence and presence of the saturating concentration of a peptide. The K d values for off-targets were determined based on an assumption that the ΔMFI values are the same for all peptides for a given antibody. We recognize that the ΔMFI values may be different for different peptides, depending on the kinetics of the antibodypeptide interaction. If the dissociation rate is fast, the ΔMFI value would decrease. In such a case, the use of a uniform ΔMFI value would lead to an overestimate of the K d value to an off-target and hence an overestimate of antibody specificity. Notwithstanding this limitation, the assumption is necessary to estimate the K d values from titration data that do not show clear curvature.
Peptide arrays
Peptide arrays were performed as described in previous report. 5 The effect of antigen valency on antibody affinity
In order to control the number of a peptide bound to streptavidin, we prepared monovalent and divalent streptavidin, which contained one and two active streptavidin out of four subunits, respectively. The different streptavidin constructs were synthesized, expressed and purified following published procedures 10 with small modifications. Wild-type streptavidin with N-terminal his tag and nonfunctional mutant streptavidin (N23A/S27D/ S45A) were separately expressed in Escherichia coli BL21(DE3). Wild-type and mutant streptavidin samples were combined in guanidine hydrochloride, refolded and then purified using a Chelating Sepharose Fast Flow column (GE Healthcare) charged with Ni 2+ and a RESOURCE S column (GE Healthcare), in order to generate monovalent and divalent streptavidin. They were then conjugated with Alexa Fluor 647 carboxylic acid succinimidyl ester (Invitrogen). For preparing complexes of streptavidin containing one or two copies of histone peptide, we mixed monovalent and divalent streptavidin with a histone peptide with 1:1 or 1:2 molar ratios, respectively. Binding measurements were performed as described above.
Evaluation of antibody selectivity using direct competition
An equal molar mixture of the H3K4me3 peptide bound to fluorescently labeled monovalent streptavidin and the H3K4me2 peptide bound to unlabeled monovalent streptavidin was mixed with anti-H3K4me3-coated beads, and the binding signals were obtained by measuring fluorescence signal of Alexa647. The experiments were repeated in the opposite labeling scheme using H3K4me2 bound to the labeled streptavidin. The fractions of the two peptides were calculated from the binding signals of H3K4me3 and H3K4me2 obtained from the two complementary experiments. Because the concentration of the antibody in this antiserum was unknown, we estimated the concentration by determining the amount of the antibody required to saturate the protein A beads and the nominal capacity of the beads provided by the vendor (2.5 μg of antibody per milligram of beads). The highest antibody concentration used was approximately 60 nM.
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